Introduction
============

In the last two decades, the polymer nanocomposites have drawn desirable interest in industry and research.[@b1-nsa-10-045]--[@b3-nsa-10-045] The carbon nanotubes (CNTs) have exceptional properties of electrical,[@b4-nsa-10-045]--[@b5-nsa-10-045] thermal,[@b5-nsa-10-045] and mechanical, in combination with their low mass density, large aspect ratio, and higher surface area per mass which would make them an ideal reinforcing agent to impart these multifunctional properties to the polymers.[@b6-nsa-10-045]--[@b8-nsa-10-045] Consequently, the large surface area of polymer nanocomposite materials fully exposes to specific functionalities, while the structure of the material maintains with desired mechanical properties.

The single-walled CNTs (SWCNTs) added higher thermal stability,[@b7-nsa-10-045] electrical conductivity[@b6-nsa-10-045],[@b8-nsa-10-045] to the polymer nanocomposites. The SWCNTs also induced substantial mechanical enhancements of composites.[@b9-nsa-10-045]--[@b11-nsa-10-045] Among many polymers, poly(methyl methacrylate) (PMMA)[@b12-nsa-10-045]--[@b13-nsa-10-045] has attracted significant attention because of easy synthesis, amorphous nature, optical clarity, biocompatibility, degradability, and has emerged as a promising material for transparent electronics, textile industry, aerospace engineering, and electromagnetic interface shielding materials.[@b14-nsa-10-045]--[@b16-nsa-10-045] Recently, SWCNTs have been incorporated into several polymers with mixed multifunctional properties results.[@b17-nsa-10-045]--[@b23-nsa-10-045] Two major problems needed to achieve exceptional multifunctional properties of SWCNT-based polymer nanocomposites. The first problem is a homogeneous dispersion of SWCNT in a polymer matrix and second is a stronger interfacial adhesion with a polymer to promote efficient load transfer from a polymer matrix to nanoubes.[@b24-nsa-10-045]--[@b28-nsa-10-045] Unfortunately, SWCNT aggregates when simply mixed with a polymer due to stronger van der Waal attraction between CNTs than the interaction between polymers and CNTs.[@b17-nsa-10-045]--[@b23-nsa-10-045]

Many fabrication methods have been developed (solution mixing, melt-compounding, etc.) to incorporate SWCNT into matrix.[@b14-nsa-10-045]--[@b16-nsa-10-045],[@b29-nsa-10-045]--[@b33-nsa-10-045] However, the dispersion of SWCNT with different solvents and polymer leads to highly aggregated SWCNT composites. The functionalization of SWCNTs reduced SWCNTs aggregation and allowed chemical cross-linking of SWCNTs to polymers, which lead to enhanced interfacial interactions with polymers.[@b17-nsa-10-045],[@b22-nsa-10-045] However, this approach destroyed intrinsic properties of nanotubes and mechanical reinforcements.[@b17-nsa-10-045]

In this study, we have focused on incorporating functionalized SWCNT (COOH-SWCNT) into PMMA polymer matrix. SWCNT/PMMA composites are useful for a wide range of applications from household to automobile in day-to-day life. The main focus of this study is to achieve a homogeneous dispersion of SWCNT in polymer matrix via common solvent dispersions[@b34-nsa-10-045] and to improve multifunctional properties. The composites were fabricated with various COOH-SWCNT loadings and their thermal, mechanical, and electrical properties were measured. The composites at 5 wt% COOH-SWCNT loading enhanced mechanical and electrical properties for a wide range of industrial application.

Experimental section
====================

Materials
---------

COOH-SWCNTs used in this work were purchased from Cheaptubes, Inc., (Brattleboro, VT, USA) with a relative purity \>95 wt%. The dimension of the SWCNTs was 5--10 nm in outer diameter, 1--5 nm in inner diameter, and 5--30 μm in length. The polymer matrix used in this work -- PMMA -- was purchased from Thermo Fisher Scientific, Waltham, MA, USA (includes Thermo Scientific and Fisher Scientifc).

Preparation of COOH-SWCNT with PMMA
-----------------------------------

To reduce aggregation, a small amount of COOH-SWCNTs was dispersed first in chloroform and underwent mechanical stirring for 1 hour, followed by tip sonication (in a water bath) for 2 hours. The PMMA was dispersed in chloroform and underwent mechanical stirring for 1 hour, followed by bath sonication for 2 hours. The two above dispersed solutions sharing common solvent chloroform, but containing COOH-SWCNTs and PMMA polymer, respectively. The PMMA solution was added to COOH-SWCNT solution to achieve the desired final weight percent of COOH-SWCNTs. The mixture then was bath sonicated for 2 hours to facilitate dispersion. Finally, chloroform was evaporated and then degassed under a modest vacuum. Here, we used chloroform as the common solvent that would be the optimum solvent[@b35-nsa-10-045] to disperse COOH-SWCNTs in the PMMA polymer matrix.

Characterization
----------------

### Fourier transform infrared spectroscopy (FTIR)

The chemical compositions of composite fibrous scaffold were collected by using a FTIR (FTIR-6700 Smart FTIR spectrometer ranging from 4,000 to 400 cm^−1^)

### Electron microscopy

The microstructure of composite scaffold was imaged using scanning electron microscopy. Nova Nano 630 was used to obtain high-resolution scanning electron microscope images.

### Mechanical testing

The tensile stress (*s*) was measured as a function of tensile strain (*∈*) at a rate of 1 mm/s at room temperature with a 5 N load cell using dynamic mechanical analysis system (TA Instruments). For the tensile measurements, including the testing of plastic sheets with the thickness \<0.25 mm, the American Society for Testing and Materials (ASTM) standard ASTM D 882 was followed.

### Thermal analysis

Differential scanning calorimetry (DSC) measurements were carried out with a DSC-204 F1 (Netzsch) at a heating rate of 5*°*C/min. Thermogravimetric analysis was carried out under atmospheric N~2~ over a temperature range of 25*°*C--800*°*C using a TG-209F (Netzsch) at a heating rate of 5*°*C/min.

### Electrical conductivity

For electrical conductivity measurements of the composite, copper foil leads were connected or attached to the short ends of the rectangular composites with silver paste, and resistance was measured using a two-probe contact direct current method.

Results and discussion
======================

The first main challenge is to separate the SWCNTs from their initial aggregated assemblies, which is achieved by local shear forces and functionalization. The simple manual mixing of SWCNTs with PMMA polymer matrix does not create a local shear force and, therefore, leads to nonuniform dispersion of SWCNTs inside PMMA polymer matrix. For effective separation of SWCNT bundles, physical and chemical approaches such as mechanical stirring, sonication, and surface functionalization have been employed. Briefly, the fabrication of composites, the dispersion of COOH-SWCNTs could be aided by the introduction of a common solvent -- an organic solution of chloroform[@b36-nsa-10-045] that dissolves PMMA easily and at the same time allows uniform dispersion of COOH-SWCNTs. The two solutions are shared via common solvent chloroform containing COOH-SWCNTs and PMMA polymer, respectively, undergo mechanical stirring for 1 hour followed by sonication process for 2 hours. Following that, the two solutions were mixed for a further 2-hour bath sonication. Finally, with the complete evaporation of the solvent, COOH-SWCNTs would be left well dispersed in polymer matrix. Here, chloroform was used as the common solvent that would be the optimum solvent[@b36-nsa-10-045] to disperse COOH-SWCNTs in the PMMA polymer matrix. The PMMA polymer may be covalently bonded to the COOH-SWCNTs surface, and this will lead to stronger interfacial interactions. It is important to study and understand different functional groups on the composites to examine the structure of composites.

FTIR
----

Examples of FTIR spectra obtained for pristine PMMA, COOH-SWCNTs, and composites are shown in [Figure 1](#f1-nsa-10-045){ref-type="fig"}. In pristine PMMA polymer, there was a sharp, intense peak that appeared at 1,730 cm^−1^ due to the presence of ester carbonyl group (C=O) stretching vibration. The broader peak appeared ranging from 1,300 to 1,000 cm^−1^ due to the presence of ester bond (C--O) stretching vibration. There was also another broad peak observed ranging from 3,500 to 2,850 cm^−1^ and 1,195 cm^−1^ due to the presence of --O--CH~3~ group stretching vibration. The peaks at 2,951 cm^−1^, 1,449 cm^−1^ appeared due to C--H stretching and CH~3~ stretching vibrations in PMMA.[@b37-nsa-10-045],[@b38-nsa-10-045] In COOH-SWCNTs, the peaks appeared due to C=C conjugation typically at 1,590 cm^−1^ and C--C band at 1,120 cm^−1^ and 3,435 cm^−1^, 1,720 cm^−1^ can be attributed to the stretching vibration of O--H and C=O carboxyl groups.[@b39-nsa-10-045] The peak at 1,280 cm^−1^ can be attributed to C--O stretching vibration. The presence of these three peaks suggests that COOH groups have been introduced on the surface of SWCNTs.[@b40-nsa-10-045],[@b41-nsa-10-045]

Electron microscopy
-------------------

The fracture surface morphology of composites at two different COOH-SWCNTs loading is shown in [Figure 2](#f2-nsa-10-045){ref-type="fig"}. The dispersion and aspect ratio of COOH-SWCNTs, porosity play a critical role in improving thermomechanical and electrical properties. The homogeneous dispersion of modified SWCNTs is achieved at 0.5 wt% COOH-SWCNT loading ([Figure 2](#f2-nsa-10-045){ref-type="fig"}), and highly packed homogeneous dispersion is observed at 5 wt% COOH-SWCNT loading ([Figure 2](#f2-nsa-10-045){ref-type="fig"}). The scanning electron microscopy (SEM) micrographs of composites confirm the good homogeneous distribution of the COOH-SWCNTs and indicate a fine dispersion at the microscale. The homogeneous dispersion of modified SWCNTs covalently bonded to the PMMA polymer would improve thermal, mechanical, and electrical properties due to the stronger interfacial interactions between polymer and SWCNTs.

Mechanical testing
------------------

The mechanical characterization was carried out for the pristine PMMA and COOH-SWCNTs/PMMA composites. The composite samples used for all mechanical measurements were rectangular with an average thickness of 100--150 μm. [Figure 3A](#f3-nsa-10-045){ref-type="fig"} shows the stress--strain curve for pristine PMMA and COOH-SWCNT/PMMA composites, and the first 0%--5% strain range was considered as a linear region for tensile modulus measurements. The tensile modulus of pristine PMMA showed about 450 MPa; the COOH-SWCNT/PMMA composites were improved tensile modulus by \~300% ([Figure 3B](#f3-nsa-10-045){ref-type="fig"}). The ultimate tensile strength of composites increased suddenly at 0.5 wt% and then increased slowly as the function of SWCNT loading ([Figure 4A](#f4-nsa-10-045){ref-type="fig"}).

The ultimate tensile strength of composites at 5 wt% COOH-SWCNT loading was enhanced by \~3 (300%) times higher compared to the pristine PMMA. The tensile strain (elongation) decreased from 30% to 9% at 5 wt% COOH-SWCNT loading ([Figure 4B](#f4-nsa-10-045){ref-type="fig"}). The higher COOH-SWCNT loading may lead to dense packing with polymer due to the stronger interfacial interaction between modified SWCNT and polymer. The composite at 5 wt% showed higher modulus (E), higher ultimate tensile strength, and higher stiffness compared to pristine polymer due to more tightly packed polymer and modified SWCNT morphology. The pristine polymer showed a higher stretching (larger strain), and the stretching behavior becomes significantly lower due to the higher brittleness at 5 wt% COOH-SWCNT loading. As a result, 5 wt% COOH-SWCNT loading seems optimum for modified SWCNT loading for smart industrial composite material.

Thermal analysis
----------------

To explain the main origin of mechanical enhancement of these nanocomposites, we examined composite glass transition and stiffness, both of which lead to enhance modulus (E) by using DSC analysis and dynamic mechanical analysis. The DSC thermograms (considered second runs to erase any effect of thermal history) is shown in [Figure 5](#f5-nsa-10-045){ref-type="fig"}. For the pristine PMMA, the glass transition temperature (step in heat flow and calculated T~g~ as the midpoint of the extrapolated heat flow) appeared at 96.5*°*C. The glass transition temperature of composites increases \~1*°*C at 5 wt% COOH-SWCNT loading and shows that no significant change is observed.

The COOH-SWCNTs induced constrained thermal motion of polymer through the altering glass transition temperature of the polymer. The viscoelastic properties (glass transition temperature \[tan δ\], storage modulus) of COOH-SWCNT/PMMA composites were examined from the dynamic mechanical analysis measurements ([Figure 6B](#f6-nsa-10-045){ref-type="fig"}). The glass transition temperature of the pristine PMMA showed at 113*°*C, and the glass transition temperature shifted 10*°*C to higher temperature for COOH-SWCNT/PMMA composite at 5 wt% COOH-SWCNT loading. Further, the storage modulus (E′) of composite (5 wt%) increased compared to the pristine PMMA ([Figure 6A](#f6-nsa-10-045){ref-type="fig"}) at room temperature. The modulus of the pristine PMMA and COOH-SWCNT/PMMA composite (at room temperature) was closely comparable to the tensile modulus measured from the tensile test ([Figure 3B](#f3-nsa-10-045){ref-type="fig"}).

The pristine PMMA started fracturing at lower temperature due to the softness of polymer (softer backbone), whereas the mechanical fracture of composite shifted to a higher temperature, which suggested that modified SWCNT acted as a stronger reinforcement (mechanical integrity) to the pristine polymer. The modified SWCNTs restricting the polymer motion led to increasing the stiffness of the composite material and contributed to mechanical reinforcement.

To elucidate COOH-SWCNT/PMMA composites' thermal stability, composite thermal stability was also examined using the thermogravimetric analysis shown in [Figure 7A](#f7-nsa-10-045){ref-type="fig"}. The mass loss of polymer in composites associated with burning off reduced in the presence of modified SWCNTs. The rate of mass loss showed that degradation temperature of composites shifted to a higher temperature in the presence of COOH-SWCNTs ([Figure 7B](#f7-nsa-10-045){ref-type="fig"}). The thermal stability was improved by 50*°*C for composites at 5 wt% modified SWCNT loading. The composites at 5 wt% COOH-SWCNT loading left 18% weight even at 800*°*C, and this might be due to nanoconfinement of polymer coating on COOH-SWCNTs.

Electrical conductivity
-----------------------

The electrical conductivity was found to be 1×10^−10^ S/cm for pristine PMMA, and the conductivity significantly increased 34 S/cm at 0.5 wt% COOH-SWCNT loading ([Figure 8](#f8-nsa-10-045){ref-type="fig"}). It is believed that the percolation threshold was established at \<0.5 wt% COOH-SWCNT loading, and significantly (1500%) higher electrical conductivity was observed. The increase in conductivity was observed up to 1 wt% COOH-SWCNT loading. The increase in conductivity may be due to the stronger interfacial interaction between SWCNT and polymer. The conductivity started to decrease above 1 wt% COOH-SWCNT loading, and the conductivity becomes constant (20 S/cm) up to 5 wt% COOH-SWCNT loading. The decline in conductivity may be due to higher contact resistance between CNT junctions (CNT--CNT).

Conclusion
==========

In this study, we fabricated the composites of COOH-SWCNT/PMMA using a common solvent dispersion method that would be useful to overcome some limitations in the smart material industry. The tensile modulus and ultimate tensile strength of these composites were improved \~300% over the pristine PMMA sample. The electrical conductivity of composites significantly increased 34 S/cm at 1 wt% COOH-SWCNTs loading. The modified SWCNTs reduced the thermal motion of polymer, resulting in an extension of mechanical structural integrity. The COOH-SWCNT/PMMA composites were thermally stable. The fabrication and characterization of COOH-SWCNT/PMMA composite smart materials are of great interest against optical and aerospace industrial applications.
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![Fourier transform infrared spectroscopy spectra of the PMMA, SWCNT, and COOH-SWCNT/PMMA composites.\
**Abbreviations:** PMMA, poly(methyl methacrylate); SWCNT, single-walled carbon nanotube; COOH-SWCNT, functionalized SWCNT.](nsa-10-045Fig1){#f1-nsa-10-045}

![Scanning electron microscopy micrographs of the SWCNT/PMMA composites (**A**) 0.5 wt%--500 nm, (**B**) 0.5 wt%--500 nm, (**C**) 0.5 wt%--1 μm, (**D**) 0.5 wt%--5 μm, (**E**) 5 wt%--5 μm, and (**F**) 5 wt%--10 μm.\
**Abbreviations:** PMMA, poly(methyl methacrylate); SWCNT, single-walled carbon nanotubes; wt, weight.](nsa-10-045Fig2){#f2-nsa-10-045}

![Mechanical characteristics of the COOH-SWCNT/PMMA composites:\
**Notes:** (**A**) Tensile stress (σ) versus tensile strain (ε curves); (**B**) tensile modulus (E) of the COOH-SWCNT/PMMA composites as the function of COOH-SWCNT loading. Insert graph shows linear region.\
**Abbreviations:** CNT, carbon nanotube; COOH-SWCNT, functionalized single-walled carbon nanotube; PMMA, poly(methyl methacrylate); wt, weight.](nsa-10-045Fig3){#f3-nsa-10-045}

![The mechanical characteristics of COOH-SWCNT/PMMA composites.\
**Notes:** (**A**). The UTS of the COOH-SWCNT/PMMA composites with COOH-SWCNT loading. (**B**) The tensile strain of the COOH-SWCNT/PMMA composites with modified COOH-SWCNT loading.\
**Abbreviations:** COOH-SWCNT, functionalized single-walled carbon nanotube; PMMA, poly(methyl methacrylate); UTS, ultimate strength.](nsa-10-045Fig4){#f4-nsa-10-045}

![Differential scanning calorimetry measurements of pristine PMMA and COOH-SWCNT/PMMA composites with the function of modified SWCNT loading.\
**Abbreviations:** COOH-SWCNT, functionalized single-walled carbon nanotube; PMMA, poly(methyl methacrylate); wt, weight.](nsa-10-045Fig5){#f5-nsa-10-045}

![The glassy behavior of COOH-SWCNT/PMMA composites.\
**Notes: (A)** The storage modulus versus temperature measurements showed that the modified SWCNT extended mechanical integrity of composites above the polymer melting temperature. (**B**) Damping ratio (tan δ) versus temperature also showed an enhancement in melting transition temperature of the composites.\
**Abbreviations:** PMMA, poly(methyl methacrylate); SWCNT, single-walled carbon nanotube.](nsa-10-045Fig6){#f6-nsa-10-045}

![Thermal stability of the pristine polymer PMMA and COOH-SWCNT/PMMA composites:\
**Notes:** (**A**) Thermogravimetric analysis of PMMA, and COOH-SWCNT/PMMA composites under a nitrogen atmosphere. The mass loss in polymer associated with burning off polymer reduced in the presence of the modified SWCNTs; (**B**) examination of the rate of mass loss showed that decomposition of composites significantly shifted to higher temperature with the modified SWCNT loading.\
**Abbreviations:** COOH-SWCNT, functionalized single-walled carbon nanotube; PMMA, poly(methyl methacrylate); wt, weight.](nsa-10-045Fig7){#f7-nsa-10-045}

![Electrical conductivity of COOH-SWCNT/PMMA composites with the function of modified SWCNT loading.\
**Abbreviations:** COOH-SWCNT, functionalized single-walled carbon nanotubes; PMMA, poly(methyl methacrylate); wt, weight.](nsa-10-045Fig8){#f8-nsa-10-045}
